Standardized rapid pulsed-field gel electrophoresis (PFGE) protocols for the subtyping of Escherichia coli O157:H7, Salmonella serotypes, and Shigella species are described. These protocols are used by laboratories in PulseNet, a network of state and local health departments, and other public health laboratories that perform real-time PFGE subtyping of these bacterial foodborne pathogens for surveillance and outbreak investigations. Development and standardization of these protocols consisted of a thorough optimization of reagents and reaction conditions to ensure that the protocols yielded consistent results and high-quality PFGE pattern data in all the PulseNet participating laboratories. These rapid PFGE protocols are based on the original 3-4-day standardized procedure developed at Centers for Disease Control and Prevention that was validated in 1996 and 1997 by eight independent laboratories. By using these rapid standardized PFGE protocols, PulseNet laboratories are able to subtype foodborne pathogens in approximately 24 h, allowing for the early detection of foodborne disease case clusters and often aiding in the identification of the source responsible for the infections.
INTRODUCTION T
HE GLOBALIZATION of food markets and changes in food processing and distribution practices, where a contaminated food product could reach consumers across city, state, or country borders, have contributed to the increase in the number of multi-state and multi-country outbreaks of foodborne illness (Barrett et al., 1994; Campbell et al., 2001; CDC, 1998 CDC, , 1999 . The increased occurrence of multilocality foodborne outbreaks presents a new and complicated challenge for epidemiologists in the United States and abroad. Perhaps the biggest challenge is the development of strategies that would allow for the rapid identification of clusters of illness and, in particular, outbreak-related cases that are dispersed throughout a larger region in order to prevent additional infections from occurring (Tauxe, 1997) . The development and application of epidemiologically relevant molecular subtyping techniques and the availability of highly sophisticated computer software for data analysis have increased the role laboratories play in the detection of clusters of illness and investigation of outbreaks of bacterial infections. Despite these advances, different laboratories do not always use the same methods for subtyping, making inter-laboratory comparisons extremely difficult, if not impossible. Even when the same method is used, minor differences in the protocol conditions or parameters often result in data that are not comparable (Bolton et al., 1996; van Belkum et al., 1995; van Belkum, 1998) . The integration of these tools coupled with advances in the information technologies arena has enabled us to rapidly recognize clusters of illness that would have previously gone undetected, especially those linked to a common source (Chan et al., 2002; Cummings et al., 2001; Proctor et al., 2001) .
A wide array of DNA fingerprinting methods have been used for the purpose of subtyping bacteria (Holmberg et al., 1984; Maslow et al., 1993; Olive and Bean, 1999) . Restriction fragment length polymorphism (RFLP) is one of the most frequently used molecular subtyping tools in epidemiologic investigations. While there are different approaches to RFLP, pulsed-field gel electrophoresis (PFGE) has been shown to be a reliable and highly discriminating method for subtyping foodborne pathogens and other bacteria (Barrett et al., 1994; Swaminathan et al., 2001; Streulens et al., 2001; Georing, 2004) . Even though PFGE is currently considered the "gold standard" for the subtyping of foodborne bacteria, its usefulness has been limited by reproducibility problems and the inability to compare fingerprint data obtained in different laboratories. These intraand interlaboratory data compatibility issues can be overcome by using highly standardized laboratory protocols for generating and analyzing data. This was the original goal of PulseNet, the molecular subtyping-based surveillance system for foodborne bacterial diseases, which was initiated by the Centers for Disease Control and Prevention (CDC) in 1996 . PFGE was selected as the molecular subtyping method for foodborne bacteria after its utility for outbreak investigations was convincingly demonstrated in a study of isolates from the E. coli O157:H7 outbreak in the western United States in 1993 (Barrett et al., 1994) . Implementation of PFGE into PulseNet was preceded by a protocol development program charged with the responsibility of standardizing the PFGE methodology as well, as the data analysis system, to ensure that the data generated by different laboratories was comparable and of the highest quality possible. Data reproducibility and comparability are paramount in the successful implementation of any decentralized molecular subtyping system, such as PulseNet, independently of the method used.
The use of rapid standardized PFGE protocols, analysis parameters and nomenclature, and the ability to exchange information in realtime via the internet are at the center of PulseNet's continued success Gerner-Smidt et al., 2005) . Here, we describe rapid (24-28 h) standardized PFGE protocols being used by PulseNet laboratories today along with comments on those steps that are particularly critical for the successful implementation of these protocols in laboratories with different levels of experience and resources.
MATERIALS AND METHODS
Rapid standardized PulseNet PFGE protocol for E. coli O157:H7, Salmonella, and Shigella species Bacterial strains. Bacteria were grown on Trypticase soy agar plates with 5% sheep blood (TSA-SB; Becton Dickinson and Company, Sparks, MD) at 37°C for 14-16 h. All isolates were identified and serotyped using standard procedures (Ewing, 1986) .
PFGE plug preparation. Cell suspensions were prepared by removing cells from the plate surface with a sterile cotton or polyester fiber applicator swab that has been moistened with sterile Cell Suspension Buffer (CSB, 100 mM Tris, 100 mM EDTA [pH 8.0]) and transferring them to tubes (Falcon 2057, 12 ϫ 75 mm; Becton Dickinson, Franklin Lakes, NJ) containing 2 mL of CSB. The concentration of each cell suspension was adjusted to a turbidity reading of 0.48-0.52 on the digital output of a Microscan Turbidity Meter (Dade Behring, Inc., Deerfield, IL). This corresponds to absorbance values of approximately 1.3-1.4 measured at a wavelength of 610 nm with a spectrophotometer (Shimadzu Corp., Kyoto, Japan) and transmittance values of approximately 15% when using a Vitek colorimeter (bioMérieux, Durham, NC) .
A 400-L aliquot of each adjusted cell suspension was transferred to a sterile microcentrifuge tube containing 20 L of proteinase K (20 mg/mL stock; Amresco, Solon, OH; Invitrogen, Carlsbad, CA) and mixed gently by tap-ping a capped tube on the palm of the hand or flicking it several times with fingers. Alternatively, the proteinase K can be added directly to each cell suspension after they have been aliquoted into their respective tubes. The agarose used to make the plugs consists of 1% SeaKem Gold agarose (SKG, Cambrex, Rockland, ME) and 1% sodium dodecyl sulfate (SDS; Roche Diagnostics Corp., Indianapolis, IN) prepared in Tris EDTA buffer (TE; 10 mM Tris, 1 mM EDTA [pH 8.0]). The agarose mixture was thoroughly melted in a microwave and allowed to equilibrate for 15 min in a 54-56°C water bath. Four hundred microliters of the equilibrated agarose mixture were added to each cell suspension and mixed gently by pipetting up and down two to three times before immediately dispensing into the wells of reusable or disposable PFGE plug molds (Bio-Rad, Hercules, CA). The plugs were allowed to solidify at room temperature for 5-10 min or at 4°C for 5 min. The plugs are then removed from the molds and placed in a 50-mL polypropylene conical tube (BlueMax™, Becton Dickinson, Franklin Lakes, NJ) containing 5 mL of Cell Lysis Buffer (CLB; 50 mM Tris, 50 mM EDTA [pH 8.0]; 1% Sarcosyl [Sigma, St. Louis, MO]; 0.1 mg/mL proteinase K). The samples were incubated in a 54°C shaking water bath or orbital shaking incubator for 1.5-2 h with constant and vigorous agitation (150-175 rpm).
The tubes were removed from the water bath or incubator and the lysis buffer is discarded. The plugs can be quickly rinsed once with 10 mL of sterile reagent grade water (type 1) to remove the residual lysis buffer coating the plugs and the inside walls of the tube (this is an optional step). The plugs were then washed two times with 10-15 mL of sterile type 1 water (pre-heated to 50°C) in a 50°C water bath or shaker incubator for 10-15 min with constant agitation. This was followed by four washes with 10-15 mL of sterile TE buffer (TE; 10 mM Tris, 1 mM EDTA [pH 8.0]), pre-heated to 50°C as described above. After the last wash, 5 mL of sterile TE buffer (room temperature) were added to each tube to serve as storage media for the plugs. The plugs were restricted immediately or stored in TE buffer at 4°C until needed.
Restriction digestion with XbaI. Slices approximately 2-mm-wide were cut from each of the plugs with a single edge razor blade or scalpel and placed in a sterile microcentrifuge tube that contains 200 L of a 1ϫ dilution of the appropriate restriction buffer for the enzyme. Three to four slices of the plug of the DNA size standard strain (Salmonella ser. Braenderup H9812; Hunter et al., 2004) were cut and immersed in the appropriate restriction buffer solution in microcentrifuge tubes as described above. Three plug slices of the standard strain are needed for 10-well gels and four for 15-well gels. The standards and test samples were incubated in a 37°C water bath for 5-10 min. The 1ϫ restriction buffer mixture was replaced with 200 L of XbaI restriction enzyme mixture (40-50 U/slice; Roche) and incubated for 2 h at 37°C. After incubation, the restriction mixture was replaced with 200 L of 0.5ϫ Tris borate EDTA (TBE; prepared from 10ϫ TBE containing 0.89 M Tris borate, 0.02 M EDTA [pH 8.3]; Sigma-Aldrich Co., St. Louis, MO) and allowed to stand for 5 min to saturate the plug slices with electrophoresis running buffer. These same restriction enzyme and conditions were used for plugs containing DNA from Salmonella and Shigella strains. Restriction of plugs slices with the secondary enzyme BlnI (isoschizomer of AvrII; Roche) was performed, when needed, using 30 units of enzyme per plug slice and incubating at 37°C for 2 h.
Electrophoresis conditions and casting of the agarose gel. The 1% SKG agarose gel was prepared using either a 10-well comb (Bio-Rad) in the standard casting stand or 15-well comb in the wide/long casting stand (Bio-Rad). The universal size standard plug slices were loaded into wells 1, 5, and 10 of a 1% SKG agarose gel, and the test samples were loaded in the remaining wells. For the larger casting stand, the universal size standard plug slices were loaded in wells 1, 5, 10, and 15. Alternatively, restricted plug slices were loaded directly on the comb, prior to casting the gel, by aligning the plug slices in the appropriate order on the lower edge of the comb teeth. Excess liquid was removed with a tissue, and the plug slices were allowed to air dry for approximately 3-5 min before pouring the melted 1% SKG agarose (equilibrated to 55-60°C). The comb was placed in the gel casting mold so that the teeth of the comb and the plug slices are flush with the bottom of the casting mold. The gels were allowed to polymerize for approximately 30 min at room temperature.
The E. coli O157:H7 electrophoresis conditions were determined originally by using the Auto Algorithm feature on the CHEF Mapper XA System (Bio-Rad) set to resolve restriction fragments in the range of 30-600 kb. The resulting electrophoresis conditions are as follows: initial switch time value of 2.16 sec, final switch time of 54.17 sec at a gradient of 6 V/cm and an included angle of 120°. Depending on the size of the gel, they are electrophoresed for 18-19 h in 0.5ϫ TBE (Sigma) at 14°C; however, the electrophoresis run time may vary from laboratory to laboratory and must be determined empirically. These same electrophoresis conditions and electrophoresis run time are used for PFGE of Shigella isolates. For Salmonella, which typically yields restriction fragments that are larger than those observed with E. coli O157:H7 and Shigella, the electrophoresis conditions are modified slightly in order to optimize the resolution of these fragments. The electrophoresis conditions for Salmonella are as follows: initial switch time of 2.16 sec and a final switch time of 63.8 sec (based on a fragment range of 30-700 kb) and electrophoresis run time of 18-19 h.
Size standard. In 2003, PulseNet implemented the use of a "universal" size standard, DNA from a strain of Salmonella ser. Braenderup H9812 that is restricted with XbaI (Hunter et al., 2005) . This strain currently used with all the bacteria tracked by PulseNet and has been deposited with the American Type Culture Collection (ATCC) under the accession number, ATCC BAA-664.
Image acquisition. After the electrophoresis was completed, the gels were stained with 400 mL of ethidium bromide solution (40 g/mL) for 20 min with gentle rocking or shaking. The gels were then de-stained with Ϸ400 mL of deionized water for 15-20 min a total of three times by gentle rocking or shaking. The banding pattern was observed under ultraviolet (UV) illumination and a digital image (that can be converted to the TIFF format) of the PFGE patterns is acquired using the Gel Doc system (Bio-Rad) following the saturation and integration parameters recommended by the manufacturer. Digital images obtained with equipment from other manufacturers will also work provided that they can provide IBM-compatible uncompressed TIFF images and resolution of Ն768 ϫ 640 pixels.
Analysis of TIFF images. Initially, analysis of the TIFF images was carried out using the Molecular Analyst Fingerprinting Plus (Bio-Rad) using the Dice coefficient and UPGMA to generate dendrograms. The analysis parameters used in the reproducibility study (validation) were based on 1.5-1.2% tolerance values. In 2001, the BioNumerics software (Applied Maths, Sint-Martens-Latem, Belgium) was introduced to PulseNet for analysis and generation of dendrograms.
RESULTS AND DISCUSSION

Preparation of PFGE plugs
A cell suspension buffer (CSB) containing a high concentration of the chelating agent EDTA (100 mM) is used to harvest the cells from the BAPs in order to minimize potential endonuclease activity that may occur before the actual lysis step is initiated. Standard TE buffer was not selected as a cell suspension buffer because of its poor osmotic properties that often resulted in premature lysis of cells and DNA degradation (observed as smearing or high background in the resulting gels). Cell suspensions were adjusted to values (equivalent to 4-5 McFarland Standard) that consistently yielded DNA fragments of uniform intensity within and between PFGE patterns. To prevent cell lysis prior to immobilizing the cells in agarose, the cell suspensions were mixed gently by tapping a capped tube on the palm of the hand or flicking it several times with fingers. Vortexing cell suspensions is not recommended because it can cause cell lysis, resulting in shearing of the DNA and PFGE patterns with high background and faint restriction fragments in the upper portion of the gels where the larger fragments are normally found. We observed that the addition of 1% SDS to the plug agarose improved the efficiency of the lysis step by saturating the plugs with a detergent prior to placing them in the cell lysis buffer (which contains 1% sarcosyl). Similarly, proteinase K was added to the suspension prior to casting the plugs to expedite the process of reagent diffusion during the lysis step and to inactivate any endonucleases that might be present.
Many previously published protocols recommended the use of low-melting agarose such as Chromosomal Grade Agarose (BioRad) or InCert agarose (Cambrex) in the plugs preparation. It is generally believed that the softer and looser matrix created by this type of agarose would allow for easier and faster exchange of reagents between the plugs and the surrounding lysis buffer solutions when compared with agarose with higher melting temperature. Unfortunately, the integrity of plugs made with low-melting agaroses deteriorated during the high temperature (54°C) lysis and wash steps outlined in this protocol. Even when plugs appeared to be intact, the fragile nature of the low-melting agaroses made plugs extremely difficult to cut and handle without breaking them. We incorporated SKG agarose in the plug preparation step to prevent this from happening and to simplify the number of reagents associated with this protocol.
Lysis of cells
Lysing cells for 1.5-2 h at 54°C resulted in optimal release of DNA from all the strains tested. No difference was observed between intensity of the restriction fragments obtained with the rapid protocol and plugs made with the 3-4-day version of the standardized PFGE protocol (Fig. 1) . The 3-4-day protocol called for overnight lysis in a water bath at 54°C with gentle agitation. This modification to the original protocol represents the most significant change to the original protocol, allowing a considerable reduction in the time needed for completion of the PFGE process, so the lysis, washing and restriction steps, followed by loading and running of the gel could be done in 8-10 h, depending on the number of cultures processed. The concentration of proteinase K in the lysis buffer was reduced by a factor of 10 from 1 to 0.1 mg/mL in the rapid protocol. This change did not compromise the efficiency of the lysis step (data not shown).
Washing of agarose plugs
Washing the plugs six times at 50-54°C for 10-15 min per wash is sufficient to remove cell debris, residual SDS, sarcosyl, and proteinase K from the lysed plugs. This reduced the amount of time required to complete the washing steps by approximately 50% when compared to the longer (3-4-day) protocol, which called for six washes of 20-30 min each. It is important to wash the lysed agarose plugs well because residual detergents or proteinase K will interfere with the restriction digestion reactions and result in PFGE results of poor quality.
Restriction digestion
We recommend the use of 40-50 units per plug slice of XbaI for a 2-h restriction to ensure that full restriction digestion of the DNA would be achieved consistently. Less enzyme (30 units per plug slice) is recommended when using the restriction enzyme BlnI (AvrII) to achieve full restriction of DNA within the 2-h incubation period. Restriction digestion with a second, and in some cases, a third enzyme (SpeI) often increases the overall discriminatory power of PFGE. We recommend that BlnI be used in situations where there is more than one isolate with indistinguishable XbaI patterns. If the PFGE patterns are different with the primary enzyme (XbaI), restriction with the secondary enzyme (BlnI) may not be necessary unless there is interest in obtaining information on pattern combinations. For instance, primary and secondary enzyme pattern combinations, in combination with epidemiologic information, can help us determine discriminatory power of new non-PFGE subtyping methods. The use of the tertiary enzyme, SpeI at 30-40 units per plug slice, is recommended in situations where the PFGE patterns obtained with both XbaI and BlnI from two or more isolates are indistinguishable from each other. By using a secondary and tertiary enzyme, we can determine if isolates are likely to be from a common source of contamination. The original PulseNet PFGE protocol recommended pre-incubating the plug slices in two volumes of restriction buffer for 15-30 min each before the removing and adding the enzyme mixture; the restriction digestion was done at 37°C for 4-16 h. Decreasing the incubation in the pre-wash to one time for 10-15 min and the restriction to 2 h helped to reduce the time required to do the protocol by several hours. The gel could then be set up and electrophoresis begun the same day that the test samples were restricted.
Most problems associated with partial restriction of DNA are related to one or more of the following: poor lysis, inadequate washing of the plugs, inaccurate measurement of reagents, poor mixing of the restriction mixture, improper storage or handling of the enzyme and/or restriction buffer. Measuring errors can be minimized by preparing a master mix of reagents needed for the total number of samples being analyzed in a gel. Once the reagents are placed in the tube, it is important to mix well to ensure the enzyme is evenly distributed in the solution. This can be done by inverting the tube several times, tapping on the side of tube with palm of hand or by gently vortexing. Restriction digestion reagents must be kept on ice or cold tray at all times. Exposing the enzymes to ambient temperature must be avoided as it may reduce enzyme activity.
Electrophoresis conditions and casting of the agarose gel
SeaKem Gold agarose was chosen as the running gel because of its high purity and shorter run time compared to other products available at the time, including the Pulsed-Field Certified Agarose (Bio-Rad) used with the original PulseNet standardized PFGE protocol for E. coli O157:H7. Decreasing the electrophoresis run time from run times of 22-23 h to 18-19 h or less was one of the improvements that made the development of a rapid PFGE protocol possible. This was a significant accomplishment because it provided PulseNet participating laboratories with the capacity to generate PFGE fingerprint data that could be reported to epidemiologists earlier.
Since the length of the electrophoresis run can vary slightly from one instrument to another, we recommend that each laboratory determine the optimal electrophoresis running time independently for each electrophoresis unit. This can be done by determining the length of the electrophoresis run time needed for the smallest visible bands in the S. Braenderup H9812 size standard (ϳ20.5 kb in size) to migrate within 1-1.5 cm from the bottom edge of the gel. This will help minimize variations in the migration of the DNA fragments that make up the PFGE pattern of the size standard. This is important because the images ob-RIBOT ET AL. 64 FIG. 1. Pulsed-field gel electrophoresis (PFGE) images of Escherichia coli O157:H7 strains generated using the 3-4-day protocol (A) and the rapid (1-day) protocol (B). The standards are in lanes 1, 4, 7, and 10 in both gels, with A showing the E. coli G5244 size standard used from 1996 to 2002, and B showing the universal standard strain (S. Braenderup H9812), used since 2003. Pulsed-field certified agarose (1%) was used to prepare the gel in A. The gel in B was prepared with 1% SeaKem Gold agarose according to the directions stated above. The electrophoresis run time was 21 and 18 h for A and B gels, respectively. tained will be normalized using the same global standard, an electronic image of the standard strain, by all laboratories participating in PulseNet. Allowing the gels to run for the appropriate amount of time also ensures optimal fragment resolution, which is critical for successful analysis and inter-laboratory comparison of the resulting patterns ( Figs. 1  and 2 ). The 18-19-h run time stated in the protocol described here is based on the PFGE equipment used in our laboratories and is only intended as a reference point. Other factors, including TBE buffer formulations, quality of the water used to make this buffer, pH, temperature and flow rate of the buffer can affect the electrophoresis run time.
CONCLUSION
The ideal molecular subtyping method would be 100% sensitive (epidemiologically related isolates share the same profile) and specific (epidemiologically unrelated isolates are different). No currently available method meets all of these criteria. However, there are some methods that provide high levels of sensitivity, specificity, and reproducibility. Among these, PFGE has established itself as the "gold standard" for subtyping foodborne bacterial pathogens. Standardization of all the PulseNet PFGE protocols is achieved by careful evaluation of the different parameters and conditions so that high quality gels are produced consistently and reproducibly at CDC and in the different laboratories that currently participate in PulseNet. PulseNet protocols are accorded "standardized" status only after they have been thoroughly evaluated and validated in several laboratories at CDC and elsewhere. Since the PulseNet standardized PFGE protocol for E. coli O157:H7 was developed with the purpose of transferring it to state health departments and other public health agencies, special attention was given to the aspects of the protocol that could affect the quality and the reproducibility of the data. The original 3-4-day standardized PFGE protocol for E. coli O157:H7 used from 1996 to early 1998, was evaluated by multiple laboratories to demonstrate its robustness and reproducibility prior to it full implementation in the PulseNet system .
Soon after the implementation of the 3-4-day standardized PFGE protocol in PulseNet in 1996, we recognized the need for a protocol that could be completed in a shorter period of time. The challenge was to develop a standardized PFGE protocol that could be completed within a day (24-28 h) so that subtyping data would be available to epidemiologists in a timely manner. In 1997, the Washington State Department of Health developed a rapid (1-day) PFGE protocol for subtyping of a wide variety of gram negative bacteria (Gautom, 1997) . CDC, in collaboration with the Washington State Department of Health, worked towards the harmonization between this 1-day protocol and the already established 3-4-day standardized PFGE protocol used by all the PulseNet laboratories at that time. The quality of the PFGE patterns produced and the discriminatory power obtained with the 1-day standardized PFGE protocol was the same or higher than those obtained with the 3-4-day standardized protocol. In 1998, PulseNet implemented the rapid standardized PFGE protocol for the subtyping of E. coli O157:H7. Shortly thereafter, it was determined that this rapid standardized protocol could also be used for the subtyping of Salmonella and Shigella species. Since then, these protocols have been used by over 70 PulseNet laboratories to successfully analyze thousands of isolates every year. These laboratories routinely generate PFGE patterns, which are submitted and compared with patterns in the PulseNet National Database with the goal of identifying clusters of strains that have the same PFGE pattern. This, in fact, is the best validation of the PulseNet standardized PFGE protocols and the strongest evidence of the protocols' robustness and reproducibility. The standardized PFGE protocol for E. coli O157:H7also served as the foundation to for the development of protocols for the PulseNet protocols for Listeria monocytogenes (Graves and Swaminathan, 2001) and Campylobacter species (Ribot et al., 2001) . The reagents and reaction conditions listed in each of the protocols were determined by altering the parameters for each variable until a satisfactory result was obtained. It is worth noting that while the plug preparation steps are the same for E. coli O157, Salmonella, and Shigella, different organisms may require different reagents or conditions than the ones described here in order to achieve a similar level of pattern quality. In standardizing protocols, we evaluate each step to identify a set of conditions that would result in protocols that were highly robust and reliable. Perhaps the most difficult step in the standardization process is the testing and selection of the electrophoresis conditions to be used for the individual PFGE protocol. Three issues must be considered when attempting to identify the electrophoresis parameters: (1) number of fragments generated by the restriction enzyme being tested, (2) size range of those fragments, and (3) the uniformity and overall distribution of the restriction fragments of the universal standard. Electrophoresis conditions that create large gaps between fragments of the standard strain might affect the analysis of the images. PulseNet protocols require the use of a universal PFGE standard for the normalization of images during the computer-assisted analysis using BioNumerics software.
The rapid standardized PFGE protocol described above has been widely used by PulseNet participants to generate thousands of PFGE patterns since 1998, underscoring its robustness and reproducibility. Timely PFGE analysis of isolates has enabled PulseNet laboratories to detect clusters of foodborne illness by helping recognize outbreaks earlier than ever before possible and has helped facilitate epidemiologic investigations of many of these clusters.
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